The purpose of the work was to assess the combined effect of drought and salinity (50, 100, 200 mМ NaCl) on the meso-and ultrastructure of mesophyll cells of wheat seedlings. Stress development was estimated by a decrease in the relative water content (RWC) and CO 2 -dependent O 2 evolution (A n ) in leaves. The decrease in the RWC and in A n occurred rapidly in the absence of salt in the substrate and slowly in the presence of salt, especially at a treatment of 100 mM NaCl. The resumption of watering led to the recovery of the both parameters in all variants except one with 200 mM NaCl. Structural studies showed that a weak drought stress (RWC 60%) without salinity led to the destruction of cell membranes and hyaloplasm, which did not occur in all salt treatments. By contrast, the ultrastructure of nuclei in weak drought without salinity remained unchanged, whereas in all salt treatments chromatin changed substantially. Heterochromatin underwent a strong condensation followed by the fusion into a united mass with the simultaneous loss of electron density. A strong water stress (RWC 40%) in all variants led to cell destruction and the hydrolysis of cell compounds. Under the drought without salinity, vacuoles disappeared, whereas in salt-treated samples they were retained and filled with organelles being at different degrees of degradation. Cell nuclei under strong drought stress lost their rounded shape, nuclear envelopes were destroyed, and at the end only a finely dispersed substance remained. Thus, under the combined action of drought and salt, there is some critical level of salt concentration in substrate above which the effect of NaCl changes to the adverse, which enhances the action of drought. Among structural components of mesophyll cells, the most sensitive parts to NaCl are nuclei and their chromatin.
Introduction
Abiotic stressors, such as drought and salinization, are serious threats to agriculture and the natural status of the environment. Plant responses to salt and drought separately are closely related to the mechanisms' overlap [1] . Combined effect of drought and salt on photosynthetic characteristics of spring wheat has been studied recently [2] . Both drought and salinization lead to the development of osmotic stress [1] and oxidative stress in plant tissues [3] . Reactive oxygen species (ROS) damages membranes, proteins and DNA [3] . The physiological status of stressed plants is usually assessed by the suppression of photosynthesis [4] . The dehydration is prevented in plants by the activation of mechanisms, such as stomata closure, structural transformation of tissues and decrease in osmotic potential of cells by the accumulation of osmotically active substances, which maintain the balance of absorption and loss of water [5] .
Structural studies concerned with the effects of water or salt stress on mesophyll cells were performed mainly on chloroplasts [6] - [12] . There are very few works that consider the response of other cell components to dehydration and salinity [13] - [16] . The combined effect of these stress factors on the meso-and ultrastructure of plants has not been properly investigated.
We suppose that the salt concentration in the substrate above a certain critical level increases the effects of drought, and the nucleus and chromatin are most sensitive to NaCl of the structural components of mesophyll cells. The goal of this work was to examine the responses of mesophyll cell structures to water deficit and salt stress in leaves of wheat seedlings.
Materials and Methods

Plant Cultivation
Wheat (Triticum aestivum L.) cv. Moskovskaya 35 was grown in a controlled climate chamber (Russia) in 0.5 L vessels (100 plants per vessel) as described [17] [18] . The light intensity was measured with a quantum meter (LI-250 QSX-01, Li-Cor Inc., Lincoln, NE, USA) and was 690 μE m −2 ·s −1 . The substrate was sand washed from soluble impurities. The growing temperature was 20˚C/17˚C (day/night) with a 12 h photoperiod and a relative humidity of 65% ± 5%. Plants were watered with distilled water up to the full saturation of the substrate. The nutrient solution was not supplied to the seedlings. Control seedlings showed a stable level of photosynthesis and growth rate for 20 days of experiment. The relative water content (RWC) in the substrate was calculated as the percent of the moisture capacity of this substrate.
Ten days after seedling emergence, when the plants reached the phase of the appearance of two leaves, 50 mM NaCl salt solution was used for irrigation twice daily until final concentrations of 50, 100, and 200 mM were reached in the vessels (3 vessels per treatment). After this, watering was terminated in half of non-treated and in all salt-treated variants. The variant without NaCl and with watering served as a control. Experiments were carried out for several days with a gradual decrease in RWC in the substrate and leaves. The watering was resumed after leaf RWC reached 40% (see Figure 1(a) ).
Second leaves of plants were used for investigations.
Relative Water Content in Leaves
The RWC in separated leaves (20-mm fragments) was determined from the ratio of fresh (FW) and dry weight (DW) by the equation: RWC = 100 (FW − DW)/(TW − DW), where TW (turgid weight) is the FW of leaves on complete water saturation [19] .
CO 2 -Dependent O 2 Evolution
The rate of light-saturated CO 2 -dependent O 2 exchange by leaf slices suspended in a 5-ml temperature-con- trolled cell (28˚C) with 50 mM K-phosphate buffer (pH 7.5) was determined using a polarograph (LP 7E, Laboratorni Přistoje, Praha, Czech Republic) with a standard platinum Clark electrode at a light intensity of 1200 μE m −2 ·s −1 [20] . Before the beginning of measurements, the buffer solution in the cell was supplemented with an excess of sodium bicarbonate (10 mM NaHCO 3 ) sufficient to provide photosynthesis with a source of carbon. The net evolution of O 2 , A n , was calculated taking dark respiration after a 15-min incubation of samples in the dark into consideration.
Transpiration Rate
The rate of transpiration was estimated by decrease in FW of separated leaves during 5 min; measurements were made at 11 -12 h am.
Na + Concentration
Concentration of Na + in the blade of the second leaf was measured according to [21] . Leaves were dried at 70˚C for 3 d, extracted in 500 mM HNO 3 at 80˚C for 1.5 h, and Na + concentration was measured using a flame photometer (BWB-XP Performance Plus, BWB Technologies, UK).
Optical and Electron Microscopy
For the optical and electron microscopy, small segments of fully expanded leaves were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 3 h, as described earlier [22] . The samples were then postfixed in 1% OsO 4 , dehydrated in a graded ethanol and acetone series, and embedded in Epon-812. Sections for the optical microscopy (2 -3 µm) were not stained; they were examined under a transmitted-light microscope (Axiostar Plus, Carl Zeiss, Göttingen, Germany) and photographed by a digital camera. Sections for the electron microscopy stained with uranyl acetate followed by lead citrate were examined under an electron microscope (JEM 100B, Jeol, Tokyo, Japan).
Data, Replication, Statistics
The measurements of RWC, O 2 evolution of leaves, and other parameters were made in five biological replications. The data are presented as the means and SD (bars). For electron microscopy studying from two to three hundreds of nucleus-containing mesophyll cells were examined in each variant.
Results
The dynamics of changes in the RWC of the substrate after the termination of watering indicates that, in salt treatments, the substrate lost water slower than in drought in the absence of salt ( Table 1) .
The decrease in the RWC of leaves to 60% (weak stress) occurred over a period of 6 days at 50-and 200-mM NaCl treatments and over a period of 9 days at 100-mM NaCl treatment (Figure 1(a) ). The decrease in the RWC of leaves to 40% (strong stress) occurred over a period of 8 days at 50-and 200-mM NaCl treatments and over a period of 10 days at 100-mM NaCl treatment. The RWC of leaf tissues in the absence of salt in substrate decreased more rapidly than in treatments with salt: to 60% for 4 days and to 40% for 5 days. The resumption of watering led to an increase in the RWC of leaves in all treatments except one with 200 mM NaCl (Figure 1(a) ).
During the development of drought, the decrease in RWC of leaves to 60% was accompanied by the suppression of the net evolution of O 2 (A n ). The suppression was most rapid in the absence of salt in substrate and slowest in the case of 100 mM NaCl. Further decrease in RWC of leaves to 40% (strong stress) corresponded to the complete termination of A n in all treatments (Figure 1(b) ). The resumption of watering led to the recovery of A n in all treatments except one with 200 mM NaCl (Figure 1(b) ). The rate of transpiration decreased rapidly in salt treated plants; its increase after resumption of watering was similar to increase in photosynthetic capacities in each treatment (Figure 1(c) ). Increase in Na + concentration in leaves of salt treated plants was the biggest in 200-mM treatment, up to 2220 mmol Na + per kg DW. In 100-and 50-mM treated plants it reached 1700 and 750 mmol Na + per kg DW, respectively. Then Na + concentration in leaf displayed decrease that continued with resumption of watering and was significant in 100-and 200-mM treated plants but was not significant in 50-mM treated plants (Figure 1(d) ).
Optical Microscopy
Figure 2(a) shows a cross section of a wheat leaf of a control plant before the termination of watering. Epidermal cells are rounded, the vacuole in mesophyll cells is clearly defined, and chloroplasts are localized in the parietal layer of the cytoplasm. (c) 50 mM NaCl for 6 days (RWC of leaves 60%), (d) 50 mM NaCl for 8 days (RWC of leaves 40%), (e) 100 mM NaCl for 9 days (RWC of leaves 60%), (f) 100 mM NaCl for 10 days (RWC of leaves 40%), (g) 200 mM NaCl for 6 days (RWC of leaves 60%), (h) 200 mM NaCl for 8 days (RWC of leaves 40%). Objective × 100.
In drought with the RWC of leaves 60% (weak stress), the leaf structure remained unchanged (data not shown). Decreasing the RWC of leaves to 40% (strong stress) led to marked changes in the leaf mesostructure (Figure 2(b) ). Epidermal cells strongly flattened except cells adjacent to stomata. The thickness of the leaf in the region of interfascicular mesophyll became thinner about twice due to the loss of vacuoles (Figure 2(b) ).
At 50-mM NaCl treatment in weak stress (RWC of leaves 60%), the leaf mesostructure remained unchanged (Figure 2(c) ) compared with the control (Figure 2(a) ). Namely, epidermal cells were rounded, the vacuole in mesophyll cells was clearly defined, and chloroplasts were localized in the parietal layer of the cytoplasm. Strong stress (RWC of leaves 40%) led to significant changes in the leaf mesostructure: the layer of interfascicular mesophyll became thinner, cells and vacuoles reduced in size, but to a lesser extent than in the experiment without salt, and epidermal cells were rather flattened (Figure 2(d)) .
At 100-mM salt treatment in weak stress, the leaf mesostructure also did not differ from the control (Figure  2(e) ). In strong stress, the disturbances in the leaf structure were less dramatic than in experiments with the absence of salt. The epidermis did not flatten, and mesophyll cells and their vacuoles decreased in size to a lesser extent than in experiments without salt (Figure 2(f) ).
At 200-mM salt treatment in weak stress, the leaf structure did not differ from the control (Figure 2(g) ). In strong stress, the thickness of the leaf in the layer of interfascicular mesophyll decreased twofold due to a decrease in the sizes of vacuoles and cells (Figure 2(h) ). Epidermal cells flattened, though not as strongly as in strong water stress without salt. The halo over the epidermis represents probably a deposit of salt of the leaf surface (Figure 2(h) ).
Electron Microscopy
Sections of leaves of control plants showed a typical structure of the mesophyll (Figure 3) , which is represented by rounded cells with a large central vacuole. The narrow cytoplasmic strand restricted by cell membranes (tonoplast and plasmalemma) is localized near the wall and contains chloroplasts and mitochondria. Mitochondria in both the control and all experimental variants contained a low-density matrix and a small number of crysts. Chloroplasts had a well-developed system of thylakoids and a matrix of a moderate electron density. Chloroplasts of control plants contained one or two small granules of starch (Figure 3) . In all experimental variants, starch granules were absent (see Figures 4 and 5) .
In weak water stress, mesophyll cells remained rounded and retained the initial volume although cell membranes in most cells were either fragmented or absent at all. The hyaloplasma was degraded; however, chloroplasts and mitochondria remained intact (Figure 4(a) ). In strong water stress, cell walls shrank to form folds (cytorysis). Cells decreased in volume, vacuoles were almost invisible, and the rest of the volume was occupied by chloroplasts, which retained both the matrix and the thylakoid system (Figure 4(b) ).
In the presence of 50 mM NaCl in a weak stress, mesophyll cells remained rounded and had a well-defined vacuole. The plasmalemma and the tonoplast in most cells remained intact. The cytoplasmic strand was somewhat denser and narrower than in the control. The matrix and the thylakoid system of chloroplasts remained unimpaired ( Figure 5(a) ). In strong stress, cells lost the round shape, and the entire cell volume was filled with the debris of cell structures with different degree of degradation, including chloroplasts ( Figure 5(b) ).
In the presence of 100 mM NaCl in a weak stress, mesophyll cells remained rounded and had a well-defined vacuole; the cytoplasmic strand was localized near the membrane. The plasmalemma and the tonoplast in most cells retained integrity. The matrix and the thylakoid system of chloroplasts remained unimpaired (Figure 5(c) ). In strong stress, cells retained the round shape with a well-defined vacuole though cell membranes and the hyaloplasm were broken. Chloroplasts retained integrity and the parietal localization but became somewhat rounded; thylakoids partially swelled. The matrix and the thylakoid system of chloroplasts remained unimpaired ( Figure  5(d) ). At 200-mM NaCl treatment in a weak stress, mesophyll cells remained rounded but increased in size, due to the stretching of cell walls. In some cells, cell membranes and the hyaloplasm remained unbroken, but the plasmolysis occurred. Other cells lost cell membranes and the hyaloplasm. Chloroplasts remained intact, but thylakoids were partially swollen (Figure 5(e) ). In strong stress, cells lost the round shape and stretched out. Cell membranes and the hyaloplasm were absent. The cell volume was filled with a finely dispersed substance into which cell organelles of different degree of degradation were submerged (Figure 5(f) ).
In all cases of exposure to stressful factors, chloroplasts and mitochondria appeared to be the most resistant cell organelles. One of the most sensitive organelles was the nucleus.
In nuclei of mesophyll cells of control plants, heterochromatin was distributed comparatively uniformly (Figure 3) . A similar situation occurred in weak stress (Figure 4(a) ). In all variants in the presence of salt, even in weak stress, either a high degree of chromatin condensation (Figure 5(a) ) or the coalescence of chromatin into a single mass with a simultaneous decrease in its electron density was observed (Figures 5(c) and (e) ).
In strong drought stress, heterochromatin occupied almost the entire volume of the nucleus; only small regions were occupied by the nucleoplasm (Figure 4(b) ). In strong stress in the presence of 100 mM NaCl, nuclei were severely altered but retained the integrity (Figure 5(d)) ; in a variant with 50 mM salt, the destruction of nuclei occurred (Figure 5(b) ). They lost the round shape flattened; the envelope was broken, and the contents of the nucleus were released in the form of finely dispersed substance into the cell cavity. In the variant with 200 mM salt in strong stress, there were no nuclei in mesophyll cells at all, and the cell cavity was occupied by a finely dispersed substance, which resulted presumably from their degradation (Figure 5(f) ). Figure 6 shows the sections of nuclei of mesophyll cells of a control plant and a plant exposed to a 200 mM salt stress in weak drought at high magnification. In the control plant, chromatin appears as discrete structured electron dense structures localized in a clear nucleoplasm (Figure 6(a) ). Chromatin of the stressed nucleus represents a homogenous low-density mass, and the rest of the nucleoplasm is denser (Figure 6(b) ).
Discussion
At present it is generally accepted that the main damaging factors at the cellular level in drought and salinity are the osmotic and toxic effects of salt [1] . Our experiments demonstrate that the supply of salt to the substrate leads to a more gradual depletion of substrate water (Table 1 ) and a slower decrease in RWC of leaves (Figure  1(a) ) and in their photosynthetic capacity (Figure 1(b) ). This effect was more pronounced at 100-mM NaCl treatment compared with 50-and 200-mM NaCl treatment. It was shown earlier [18] and here (Figure 1(b) ) that, under the progressing drought in the presence of NaCl, the photosynthetic activity of wheat leaves decreased more slowly than in the absence of salt. However, if 200 mM NaCl was added to the substrate, the photosynthetic activity in leaves was not recovered after the resumption of watering. This salt treatment led to the dramatic increase in Na + concentration in the leaves (see Figure 1(d) ) and to plant death. The effect of the presence of NaCl in substrate under progressing drought was also shown for plants by structural studies. Namely, the decrease in the RWC of leaves to 60% (weak stress) did not change the leaf mesostructure in all treatments both in the presence and absence of salt in substrate (Figures 2(a), (c) , (e) and (g)).
Further decrease in the RWC to 40% (strong stress) led to dramatic changes in the leaf mesostructure in drought without salt in substrate (Figure 2(b) ), whereas structural changes in the salt treatments were less pronounced (Figures 2(d), (f), and (h) ). In weak water stress, the destruction of the plasmalemma, tonoplast, and hyaloplasm of mesophyll cells was not accompanied by the loss of the vacuolar space, while in strong water stress, a dramatic shrinking of cell walls and the complete disappearance of vacuoles occurred (see Figures 2(b), 4(a) and  (b) ). In drought with the presence of salt in substrate, the changes in chloroplast structure of mesophyll cells were in agreement with observations of other authors [11] [12]; cell walls and the vacuolar space changed little. Presumably, the damage of the barrier between the cell wall and the vacuole in water stress causes a rapid efflux of water. In the presence of salt, this efflux is hindered even during the cell membrane destruction (see Figures  2(f) and 5(d) ).
In addition to these effects of salt treatments, our data indicate that NaCl adversely affects cell nuclei even in weak stress (Figures 5(a), (c) and (e) ). In weak water stress without salt in substrate, the condensation of chromatin did not differ from that in the control plants, though the destruction of cell membranes occurred (see Figures 3 and 4(a) ). At the same RWC of leaves in salt-exposed seedlings, significant changes in the chromatin struc- ture especially in the treatment with 200 mM NaCl were observed (see Figures 5(a), (c) and (e)). Under strong water stress, when the salt concentration in leaves increased (see Figure 1(d) ), we observed the destruction (Figure 5(d) ) and even the complete degradation of nuclei accompanied by the dissipation of chromatin (Figures 5(b) and (f) ). We suppose that Na + distorts the discreteness of chromosomes in the interphase nucleus and leads to the fusion of chromatin into an integer mass.
It is well known that Na + produces a toxic effect on the vital activity of plant cells [23] - [26] . The concentration of Na + in substrate and in plant tissues may be different. In particular, the Na + concentration in the leaves of wheat grown for 10 days on the soil enriched with 50 mM NaCl was shown [27] to increase up to 250 mM. Other authors found that the content of Na + in leaves of the halophyte Suaeda is twice as high as in the soil solution [14] [28] . However, the targets exposed first to the salt attack are not clear. It was shown [29] that several histone modifications are dramatically altered on the stress-responsive gene region under drought, cold, and high salinity stress.
The treatment of isolated DNA with solutions of NaCl, beginning from concentrations of 400 mM and above, leads to the complete separation of DNA from histones [30] . In leaves of tomato cultivated under NaCl salinization, alkaline proteins, including histones, are affected to the greatest degree; the dissociation of histone complexes followed by their exit from the nucleus is assumed [23] . Growing barley on water solutions of NaCl at concentrations from 100 to 500 mM resulted in the deformation and then the complete degradation of nuclei in root meristem cells, as indicated by optical microscopy data [31] . A biochemical analysis revealed the apoptosis-like DNA fragmentation; the addition of 10 mM Ca 2+ to the nutrient medium abolished the adverse effect of Na + [31] .
There are very few ultrastructural data on the effect of salts on nuclear chromatin; these data were derived only for roots. In particular, a strong condensation of chromatin was noted in root cell nuclei in pea [23] and barley [32] .
During the chromatin condensation, the nuclear DNA in wheat coleoptile cells undergoes an internucleosomal fragmentation [33] . A similar chromatin condensation is shown in Figure 5(a) . A high content of the linker histone H1 in the chromatin of a transgenic tobacco causes the nanism and disturbance of flowering and is accompanied by a high density of heterochromatin in mesophyll nuclei [34] . In this case, all chromatin localized in the form of filaments in the nucleoplasm is converted to heterochromatin, and the nucleoplasm becomes electron transparent. A similar situation is observed in our study in the case of weak stress with 100 mM NaCl ( Figure  5(c)) .
We suppose that, in mesophyll cells, nuclear chromatin is one of the targets of the toxic effect of NaCl. This is evident at the RWC of leaves of 40% in the presence of salt in the substrate when the complete degradation of nuclei occurs, which does not happen in the absence of salt (Figures 4(b), 5(b) and (f) ). According to the observations of [35] , the apoptotic internucleosomal fragmentation of DNA is accompanied by an increase in the nuclease activity. Based on our data, it is clear that chromatin exposed to salt at strong dehydration of cells undergoes radical structural rearrangements. The best retention of cell structures and the least degradation of nuclei in drought were observed at 100-mM NaCl treatment (Figures 5(c) and (d) ).
Conclusions
Thus, under the combined action of drought and salt stresses, there is some critical level of salt concentration in substrate above which the effect of NaCl changes to the adverse, which enhances the action of drought.
Among structural components of mesophyll cells, the most sensitive parts to NaCl are nuclei and their chromatin.
